Abstract-Power Doppler imaging is a widely used method of flow detection for tissue perfusion monitoring, inflammatory hyperemia detection, deep vein thrombosis diagnosis, and other clinical applications. However, thermal noise and clutter limit its sensitivity and ability to detect slow flow. In addition, large ensembles are required to obtain sufficient sensitivity, which limits frame rate and yields flash artifacts during moderate tissue motion. We propose an alternative method of flow detection using the spatial coherence of backscattered ultrasound echoes. The method enhances slow flow detection and frame rate, while maintaining or improving the signal quality of conventional power Doppler techniques. The feasibility of this method is demonstrated with simulations, flow-phantom experiments, and an in vivo human thyroid study. In comparison with conventional power Doppler imaging, the proposed method can produce Doppler images with 15-to 30-dB SNR improvement. Therefore, the method is able to detect flow with velocities approximately 50% lower than conventional power Doppler, or improve the frame rate by a factor of 3 with comparable image quality. The results show promise for clinical applications of the method.
I. Introduction U ltrasonic flow detection is a widely used technique to measure blood flow velocity [1] , [2] , monitor perfusion [3] [4] [5] , detect hyperemia [6] , diagnose thrombosis [7] [8] [9] [10] [11] , and assess stenosis [12] , [13] . Conventional techniques include color Doppler imaging and power Doppler imaging. These methods depend on either the phase change or the power of the backscattered echoes from blood. Color Doppler imaging estimates the axial blood velocity from temporal changes in the echo phase. Because the measurement of blood velocity may be sensitive to noise [14] , color Doppler imaging has sub-optimal performance with small vessel and slow flow. Power Doppler imaging measures the power of the temporal differences in backscattered echoes and can provide higher sensitivity with small vessel and slow flow detection at the expense of direction information [15] . However, it requires a large ensemble length, limiting the frame rate to a few frames per second.
The potential noise sources that degrade power Doppler imaging include clutter and thermal noise. Clutter originates from sound reverberations in tissue layers, scattering from off-axis structures, ultrasound beam distortion, and returning echoes from previously transmitted pulses [16] . Clutter is stationary with respect to time and obscures blood vessels and other clinical targets. In cardiac imaging, stationary echoes may be 40 to 100 dB stronger than the signal from blood [17] . In conventional Doppler imaging, high-pass wall filters are commonly used to remove stationary echoes. However, the small number of samples (8 to 16) available to the wall filter reduces the ability of the wall filter to effectively reject unwanted signals [17] , and stationary echoes may pass through the wall filter depending on their magnitude of temporal frequency content. Thermal noise (i.e., electronic noise) is a temporally and spatially white noise process and appears as a rapidly moving target in the ensemble. Therefore, it cannot be removed with wall filters typically used in Doppler imaging. If any of these types of noise has comparable power as the blood signal after wall filtering, they will degrade the quality of the power estimate. Although considerable efforts have been made to improve the image quality and frame rate of Doppler imaging techniques using novel sequence designs such as synthetic aperture [18] and µDoppler sequences [14] , the aforementioned noise sources still impose significant limitations on the performance of Doppler imaging.
Short-lag spatial coherence (SLSC) imaging was recently introduced as an imaging method that forms ultrasound images using the spatial coherence information of backscattered echoes [19] . It makes use of a classical theorem of statistical optics, the van Cittert-Zernike (VCZ) theorem, which describes the equal-time degree of coherence in a field generated by a spatially incoherent quasimonochromatic source [20] . The expression of the VCZ theorem bears close resemblance to the Huygens-Fresnel principle and the Fraunhofer diffraction at an aperture. Mallart and Fink [21] and Liu and Waag [22] generalized this theorem to pulse echo ultrasound imaging and showed that the spatial covariance of the backscattered pressure field at the transmit focus is proportional to the autocorrelation of the transmitting aperture function. A similar result was also derived using a k-space representation by Walker and Trahey [23] .
The SLSC method computes the normalized covariance of the signals received on every pair of elements of the transducer, denoted by s i (n) for element i and s i+m (n) for element i + m of the transducer, in which n is the fast-time index. The normalized covariance of the signal is defined as 
in which m, defined as lag, is the spacing of elements between element i and element i + m. R m ( ) represents the normalized covariance of the signals received on the pairs of elements with lag m, and N is the number of transducer elements in the active aperture. n 2 − n 1 is the kernel size for cross-correlation calculation.
The spatial correlation in (1) can then be used to produce the SLSC metric. The metric is computed by summing the spatial correlation values produced with (1) corresponding to the smallest M lags
An SLSC image is produced by computing the V slsc value for each pixel. A parameter Q is introduced to represent M as a percentage of the receive aperture size:
It has been shown that the spatial coherence backscattered from tissue is considerably higher than adjacent anechoic or hypoechoic regions [19] . Using this difference in spatial coherence, the technique has been shown to produce images resembling those produced by conventional delay-and-sum beamforming. In addition, because thermal noise and clutter are often spatially incoherent [i.e., R m ( ) ≈ 0, for m > 0], the SLSC imaging technique is less susceptible to such noise sources and artifacts than conventional delay-and-sum beamforming. It can produce images with higher speckle SNR and higher contrast-tonoise-ratio (CNR) [19] , [24] . The method has been extended to harmonic spatial coherence imaging [25] and synthetic aperture SLSC imaging [26] to further improve image quality and mitigate depth of field limitations of the method.
Herein, we describe a recent development in a coherent flow imaging technique, termed coherent flow power Doppler (CFPD) imaging, that is based on the spatial coherence of the blood signal. This technique utilizes a similar pulse sequence as conventional power Doppler (PD) imaging, but obtains and images spatial coherence information of the backscattered signal [19] . The performance of this technique is evaluated under various flow velocities and channel SNR using simulations, phantom experiments, and in vivo studies. The image quality and limit of detection are benchmarked with those of a conventional PD technique.
The article is organized as follows: Section II presents the principles of CFPD imaging; Section III describes the methods utilized in the simulations, phantom studies, and in vivo studies; Sections IV analyzes the results from these studies, evaluates the performance of CFPD, and compares its performance with PD; and Sections V and VI present further discussion and conclusions.
II. Principles of Coherent Flow Imaging

A. Power Doppler Imaging
Conventional PD imaging requires an ensemble of RF traces to estimate the presence of flow. An ensemble of 8 to 16 RF lines is acquired at each azimuthal position in a Doppler image. The A-scans are acquired at a fixed pulserepetition frequency (f prf ) focused at the same location and beamformed using delay-and-sum beamforming. The focus is shifted to the next location, and the next A-scan ensemble is acquired in the same way. The A-scans from each location can also be interleaved to improve frame rate and control the pulse repetition rate. Because the ensemble of A-scans contains stationary echoes from tissue that may overpower the blood signal, a high-pass wall filter is applied to the A-scan ensemble to attenuate any stationary and slowly changing signal to obtain flow information. A PD image is produced by applying a power estimator to the filtered signal. A commonly used estimator, proposed by Loupas et al. [27] and based on a 2-D autocorrelator, for blood flow estimation is
in which r(k, p) is the high-pass filtered complex signal at depth sample k and ensemble sample p. K is the number of samples summed in the axial dimension, and P is the ensemble length.
Eq. (4) shows that the output signal of PD is dependent on the energy of the signal. This technique does not measure the velocity of flow. For flow at a fixed velocity, the strength of PD signal is associated with the number of scatterers in the voxel to a first approximation [28] . It has higher sensitivity for slow flow and small vessel detection than color Doppler imaging [15] .
One problem with PD is that the high-pass filter requires a large number of samples (i.e., a large ensemble length) to achieve steady-state performance with high attenuation in the stopband. This is not ideal for clinical applications because a very large ensemble length reduces the frame rate and is susceptible to flash or motion arti-fact. Therefore, the filters used in Doppler imaging operate in their transient state with inferior performance, due to a wider transition band and lower attenuation in the stop band (see Fig. 1 ).
Reverberation clutter can appear similar to slowly moving blood. Therefore, the attenuation applied by the wall filters on reverberation clutter and slowly moving tissue may not be strong enough, and such noise may pass through the wall filter and degrade the PD image. In addition, if the flow velocity is too low, the flow signal may fall into the transition band of the filter and may be attenuated. If the power of the thermal noise is higher than the backscattered signal energy from blood, the flow signal will not be differentiable from the background.
B. Coherent Flow Imaging
Coherent flow imaging utilizes SLSC beamforming to obtain coherence information of flow, and then utilizes a power estimator to produce an image that resembles the conventional PD images. Fig. 2 presents an outline of CFPD for coherent flow imaging, as well as a comparison of CFPD with PD. In coherent flow imaging, the pulse sequence is identical to conventional PD imaging; however, the method requires individual channel RF data, rather than the beamformed data in the case of PD imaging. These RF channel data from all acquisitions are delayed according to path length differences and filtered across the ensemble on a per-channel basis to remove stationary signals and slowly moving tissue signals and isolate the blood signal.
The filtered RF channel data for each scan in the ensemble are processed using the SLSC method described in Section I to obtain the spatial coherence of backscattered signal from blood. Based on the preliminary results presented in Section III-A, a lag of M = 10, corresponding to Q = 7.8% is chosen to be used in all data processing in this work. To produce Doppler images, a modified Loupas estimator is then applied to the data to produce Doppler information. Specifically, the square of the SLSC values is added across the ensemble dimension: Signal processing path of CFPD and PD. For both CFPD and PD, RF channel data are first (a) acquired at one focused lateral location at a fixed f prf , and then (b) time delayed. For CFPD, the delayed data are (c) high-pass filtered across the ensemble length, and then (d) processed with the SLSC method. (e) A power estimator is used to produce one A-scan, and the whole process is repeated for all lateral positions to produce one Doppler image frame. For the PD method, the delayed data are (f) summed across the receive aperture, and (f) high-pass filtered across the ensemble length. (h) A power estimator is used to produce one A-scan, and the whole process is repeated for all lateral positions to produce a Doppler image frame.
where V slsc (p) is the SLSC signal calculated with (2) for the pth acquisition, and P is the ensemble length used in the estimator. Note that for B-mode SLSC, V slsc (p) is calculated from time-delayed RF channel data, but for CPFD, V slsc (p) is calculated from time-delayed and highpass filtered RF channel data.
III. Methods
A. Simulations
Simulations were performed with Field II [29] , [30] to observe the performance of CFPD for various flow velocities under different noise conditions. In the simulations, a 2-mm vessel was embedded in homogeneous tissue. The setup and an example Doppler image are shown in Fig.  3 . Blood signal within the vessel was simulated by scatterers with scattering amplitude 60 dB lower than the surrounding tissue scatterers. The peak velocity of the scatterers within the vessel was varied from 1 to 30 mm/s with a parabolic velocity profile to study the change in performance of the method with respect to different flow velocities. This range covers the blood flow velocity of human capillaries (e.g., the velocity of capillary blood flow in postocclusive reactive hyperemia is 0.9 mm/s [31] , and venous and arterial blood flow velocity in the human retina is 19 to 22 mm/s [32] ). The scatterer density for both the blood and the surrounding tissue was 15 scatterers per resolution voxel. The simulations were conducted with a 128-element linear transducer array with a center frequency of 7.5 MHz and a pitch of 0.1953 mm. The transmit pulses had a fractional bandwidth of 35% and were focused at 3 cm.
Simulated channel data were acquired at a sampling rate of 40 MHz for a lateral field-of-view (FOV) of 12 mm with 0.1 mm beam spacing. For each location, an ensemble of 15 A-scans was acquired at an f prf of 1 kHz, and the channel signals were appropriately delayed. Thermal noise was simulated by adding white noise to the delayed channel data. The noise amplitude was added in the range of −20 to 0 dB relative to the blood signal (i.e., −60 to −80 dB relative to the tissue signal). To observe the effect of ensemble length on image quality, the data were truncated in the ensemble dimension into different sets with ensemble lengths ranging from 3 to 15 with the same f prf . Each of the truncated data sets were processed separately. The data in each set were filtered with a 2-tap projectioninitialized Butterworth filter with a cutoff frequency of 5 Hz to remove stationary clutter. The filtered data were then processed with the method described in Section II-B to produce CFPD images. To reduce image size, only a lateral FOV of 5 mm about the center of the vessel is shown. The remaining region is used in the SNR measurement as part of the background and does not have any features of interest. As a comparison, the same data were also processed with conventional PD imaging method described in Section II-A.
B. Phantom and In Vivo Studies
Phantom and in vivo studies were conducted with a Verasonics Vantage system (Verasonics Inc., Redmond, WA, USA) and an ATL L12-5 linear transducer. The transducer transmitted 6 half-wave (3 full cycles) pulses. The center frequency of the pulses is 5 MHz. 128 transducer elements were used to generate the transmit wave that focused at 5 cm, corresponding to an F/2 configuration. For each acquisition, the RF channel signals for 50 locations (for a total width of 9.8 mm) were obtained for an ensemble size of 15 and an f prf of 1 kHz. In addition, one B-mode scan of 129 lateral lines was also acquired, centered about the same location. All data were sampled at 19.2 MHz.
In the phantom experiments, a continuous-flow pump and cardiac Doppler flow phantom (model 523, ATS Laboratories Inc., Bridgeport, CT, USA) system was used to circulate a 3% (mass/mass) cornstarch-water mixture through a 6-mm vessel inside the flow phantom with speeds ranging from 11.5 to 274 mm/s. The phantom has a mean acoustic velocity of 1452 m/s, and the fluid has a density of 1030 kg/m −3 and speed of sound of approximately 1531 m/s. The velocity of flow was calibrated by measuring the weight of fluid pumped over a fixed period of time.
In the in vivo study, thyroid scans from a 26-year-old healthy male volunteer were acquired in the same way after obtaining informed consent. The vessel was identified using the pre-packaged, real-time, PD imaging method on the Verasonics scanner, and the channel data were saved to be processed and analyzed offline.
All data from the phantom and in vivo studies were processed with the method described in Section II-B to produce CFPD images. The data were also processed with the method described in Section II-A to produce conventional PD images. The filter cut-off frequency was chosen to be 150 Hz for the phantom studies and 200 Hz for the in vivo studies. To provide better visualization of the data, the dynamic ranges of the Doppler images were compressed with a base-10 logarithmic function.
C. CFPD With Novel Sequence Designs
CFPD is not dependent on specific pulse sequences. As demonstrated previously with SLSC, this beamforming method can be applied in conjunction with pulse-inversion harmonic [25] and synthetic aperture imaging [26] . CFPD has the potential to utilize recent advancements in novel sequence design in Doppler imaging, such as plane-wave transmit with coherent angular compounding (termed µDoppler) [14] and synthetic aperture flow imaging [18] . As proof-of-concept, CFPD flow detection is experimentally demonstrated in vivo with plane-wave transmit coherent angular compounding.
The experiment was carried out with the same setup as in the phantom and in vivo studies. Specifically, an ATL L12-5 transducer is used with a Verasonics Vantage system. The transmit center frequency was 5 MHz, and receive data were sampled at 19.2 MHz.
For transmit, the entire aperture of 128 elements were used to sequentially transmit 15 plane waves evenly spanning an azimuthal angular range of −18 to 18 degrees. The transmit interval between acquisitions at adjacent angles is 133 μs, corresponding to an effective f PRF of 500
Hz. An ensemble size of 15, each from the coherent compounding of 15 angles, was acquired. The details of beamforming with plane-wave transmit and coherent angular compounding can be found in Mace et al. [14] . However, in this application, the channel signals are synthesized for the CFPD process rather than the delay-and summed RF signals.
The plane-wave sequence was used to acquire liver scans on a 57-year-old healthy male with high body mass index (>25). Time delay and coherent angular compounding were performed on the data according to Mace et al. [14] to obtain synthesized channel signal. CFPD was applied to the data to produce flow information. As a comparison, PD images are also created from the synthesized channel signal. All images are displayed with base-10 logarithmic compression and a dynamic range of 30 dB.
D. Image Quality Metrics
The quality of the simulated and experimental Doppler images are evaluated in two aspects: the strength of the signal, and the defects in the signal. The strength of the signal directly affects the detection of the presence of flow, and the defects in the shape and smoothness of the intensity profile affect the quality of estimates on the size and number of vessels. Signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR) were used to measure the quality of images in these two aspects, respectively.
The SNR measures the strength, or power, of the signal relative to the power of the noise. It is defined as the ratio between the root-mean-square (RMS) of signal from the vessel and the RMS of the background region:
where I sig (i) represents the value at the ith pixel in the vessel region in the Doppler images; N is the total number of pixels used for SNR measurement in the vessel region; I bkgd (i) is the pixel value at the ith pixel in the background; and M is the total number of pixels used in the background region. The vessel region was determined with known vessel diameters and center locations in the simulations and experiments. The background region used for SNR measurement was chosen such that it was at the same depth as the vessel region, as shown in Fig. 3 .
The definition of CNR is adopted from Lediju et al. [19] as 
where S sig and S bkgd are the mean of the pixel values in the signal region and the background region, respectively; and σ sig and σ bkgd are the standard deviation of the pixel values in these regions. CNR quantifies detection of a signal with noise. It takes into account both the mean values and the fluctuations inside both signal region and background region.
IV. Results
A. Normalized Covariance Measurement of Tissue and Fluid
Fig. 4 presents measured normalized covariance R m ( ) curves as a function of lag for stationary tissue, fluid, and thermal noise. The stationary tissue data were acquired on the liver of a 57-year-old healthy male subject, after informed consent was obtained. The fluid data were from the phantom study with a flow velocity of 11.5 mm/s and an ensemble length of 15. As shown in the figure, the normalized covariance of both tissue and fluid share similar characteristics in the short-lag region (Q < 30%). In this region, they have higher values than the normalized covariance of thermal noise. The normalized covariance of tissue and fluid are higher than that of reverberation clutter as shown previously [33] . Because the backscattered signal from blood has the same coherence properties as tissue, CFPD processing on blood signal will result in high values in the final image. Because thermal noise and reverberation clutters have low coherence, they will be suppressed in the CFPD computation. A cross-section of a 2-mm vessel can be observed in the figures. The CFPD images have lower background noise than the PD images generated from the same simulation data, and the flow region in the CFPD images displays a smoother and fuller profile. Both methods show improved signal quality for higher flow speeds. The displayed image quality can be improved by individually tuning the dynamic range of each image. Therefore, quantitative analysis was performed on the CFPD and PD images for a more objective comparison. Fig. 6 shows the quantitative SNR measurement for both the simulated CFPD and PD images as a function of flow speed. Three different levels of noise (0, −10, and −20 dB relative to blood signal) were added to the channel data, and all 15 scans in the ensemble were used. The SNR of the CFPD images is significantly higher than that of the PD images.
B. Simulations
The SNR was used to determine the limit of detection (LOD) of the flow velocity (v). Specifically, the signal at velocity v is considered detectable if
where SNR(v) represents the mean of the SNR measurement at velocity v, and σ SNR is the standard deviation of all SNR measurements. This criterion, with the factor 3 on the right-hand side, was chosen according to a well-established standard in LOD determination [14] , [34] . According to the criterion, a threshold of 10 dB in SNR was utilized, based on the measurement of σ SNR , to determine the LOD in flow veloc- ity with both methods. The LOD for CFPD was measured to be 52.2%, 52.5%, and 62.1% lower than conventional PD for 0, −10, and −20 dB noise, respectively. This result indicates that CFPD may allow detection of slower flow than conventional PD.
Figs. 7 and 8 display the simulated images and the SNR measurements, respectively, with different ensemble lengths for a flow rate of 20 mm/s. As shown in Fig. 8 , CFPD produces images with 15 to 30 dB higher SNR than conventional PD. Due to this improvement, CFPD may require only 7 acquisitions to produce images comparable with, or better than, conventional PD images produced from 15 acquisitions. If 10 dB SNR is utilized as the threshold of detection, CFPD requires only 3 acquisitions to produce useful Doppler images in a low noise environment (e.g., −20 dB white noise). Fig. 9 displays the performance of the CFPD and PD methods as a function of noise. For PD, the delay-andsum beamformer with 128 transducer elements improves the SNR by approximately 20 dB. CFPD, however, provides an additional 15 to 30 dB improvement in SNR in this range. For example, with −20 dB channel amplitude noise, the image SNR with PD is approximately 56 dB, and the image SNR produced with CFPD is 73 dB. Fig. 10(a) ]. Fig. 11 shows the Doppler profile at the center of the lateral FOV from the phantom study with 11.5 mm/s flow and an ensemble length of 15. For the PD image, an increase in the background noise can be observed over depth. In comparison, the CFPD result has a relatively constant background noise level across the axial dimension, indicating that CFPD is insensitive to thermal noise. Fig. 12 shows the SNR and CNR measurement from the flow-phantom studies with different flow speeds, processed with an ensemble length of 15. CFPD shows better SNR and CNR than PD for the speed range 11.5 to 274 mm/s. The CNR measurement from CFPD shows consistently higher values than PD. Fig. 13 presents CFPD and PD images in the phantom experiments with different ensemble lengths. The flow velocity used for the image is 11.5 mm/s. As shown in Figs. 13(a) and 13(b), with a small ensemble length (3 and 5, respectively), PD produces flow images with strong inhomogeneity and high variance. CFPD is also affected by low ensemble lengths, but the Doppler image it produces has a low variance. With higher ensemble lengths, PD produces images with less thermal noise, but noise is still visible in the lower part of the image. The CFPD images lack visible artifacts from thermal noise. Fig. 14 shows the SNR and CNR measurement for both CFPD and PD images with different ensemble lengths at the lowest velocity used in the phantom experiments (11.5 mm/s). CFPD provides a consistent improvement of 15 to 30 dB in SNR. The CNR of the CFPD images is also higher, indicating that CFPD produces a smoother flow map within the vessel. For the phantom experiments, CFPD required only 5 acquisitions in an ensemble to produce a Doppler image with higher SNR and CNR than the image produced by PD with 15 acquisitions.
C. Phantom Studies
D. In Vivo Studies
A Doppler scan of the thyroid of a healthy human subject is shown in Fig. 15 . The Doppler data are displayed on a dB scale with a dynamic range of 30 dB. The Doppler image is fused with the B-mode image acquired at the same time. The lateral range of the Doppler scan is restricted to the center ±5 mm center of the B-mode image. Images from both methods show two vessels in the field of view. However, PD displays high thermal noise, especially in the lower part of the image. 
E. CFPD With Novel Sequence Designs
V. Discussion
We have introduced a coherent flow imaging method using the spatial coherence of backscattered signal from blood, termed CFPD. Compared with conventional PD imaging, CFPD showed a gain of 15 to 30 dB in SNR under equivalent imaging conditions. This gain is ascribed to better SNR and lower background noise in images produced using CFPD. At low velocity (a), the PD image displays higher noise in the lower part of the scan, due to loss of SNR with depth. Fig. 11 . Center axial line of the CFPD and PD images shown in Fig.  10(a) . PD shows an increase in noise from −50 dB to approximately −25 dB in the depth dimension. CFPD has a constant low noise level of approximately −65 dB across all depths, indicating that CFPD is insensitive to thermal noise. the fact that CFPD is less susceptible to spatially incoherent noise, such as thermal noise and reverberation echoes, which may overwhelm flow signals for conventional PD imaging. As a result, the CFPD images show consistently lower background noise, especially in deep-lying tissues, where thermal noise is more prevalent in conventional PD images. The improvement in SNR results in an increase in display dynamic range for CFPD. Although the contrast of PD image can be improved by limiting the display dynamic range, it is often at the expense of features in the image. Moreover, as shown in the results (see Figs. 5 and 7), higher thermal noise in the channel data causes more severe washout in PD images, but such noise does not have high impact in the background of the CFPD images. As shown in the experimental results (Fig. 11) , CFPD is insensitive to the increase in thermal noise with depth, as observed in PD. Clinical scanners may avoid such spurious signals in deeper part of the PD images by limiting the display window size, although not always eliminating the problem particularly when the vessels themselves are at larger depths.
With increased SNR, CFPD results in improved performance in multiple aspects over PD. First, slow flow that is below the LOD of PD can be detected using CFPD, where it was shown that velocities approximately 50% lower than the LOD of PD could be detected, depending on SNR. Such an improvement may enable flow detection with velocities of 3 to 10 mm/s for the imaging frequencies and probes utilized in these experiments. Recent development in Doppler imaging enables detection of flow at such velocities either with high-frequency (15 MHz) acoustic pulses [35] , and thus has low penetration depth and low SNR due to the plane-wave transmit technique used, or with contrast agents [36] . However, the results presented in this paper demonstrate that improved detection can be obtained without a loss in penetration depth or by utilizing additional contrast agents. This method can also utilize existing beamforming methods, such as higher harmonic imaging or synthetic aperture imaging, to obtain further enhancements.
The source of CFPD performance improvement demonstrated here is the suppression of thermal noise, which is spatially and temporally incoherent. We anticipate that stationary clutter, which has lower spatial coherence than flow signal, will also be suppressed with CFPD, but this was not analyzed in detail here. Slow flow signal is highly coherent temporally. As flow speed increases, the temporal coherence of the flow signal decreases, and flow signal appears more similar to thermal noise in its temporal aspect. The sum of N temporally coherent signals (e.g., slow flow signal) increases by a factor of N, whereas the sum of N temporally incoherent signals (e.g., thermal noise or fast flow signal) increases by a factor of N. Therefore, if the impact of ensemble lengths on filter performance is ignored, the SNR of PD images increases proportional to N for slow flow cases, and approaches a constant for fast flow cases. The SNR of CFPD is similarly affected. However, due to the suppression of noise, the SNR of CFPD is higher than PD and therefore reaches a constant SNR value much quicker than PD when flow speed is increased (see Fig. 6 ). As shown in Section IV for physiological cases, the SNR of CFPD method is still higher than the conventional PD method because of the suppression of noise.
It is important to keep in mind the physical meaning of the output of the SLSC beamformer applied to the CFPD technique. CFPD is based on the spatial coherence of backscattered waves, rather than the amplitude of the waves. In (1), the coherence values are normalized by their variance in time, removing any impact of scattered wave amplitude (or power) on coherence. The coherence values are constructed almost exclusively with the phase difference between the signals. Therefore, the amplitude of the scattered wave has little impact on the output of the SLSC beamformer. Demonstrations of SLSC beamforming [19] , [24] [25] [26] have shown comparable output to DAS B-mode imaging, and therefore the power estimator for CFPD in (5) is a natural extension of a power estimator for PD.
It is worth mentioning that, in the case of low channel noise and high flow signal, lateral side lobes can be observed in the CFPD images. These side lobes appear because of re-correlation of the strong off-axis blood signal. The lateral cross-sections of simulated flow signals at the center of vessels produced with 30 mm/s flow, an ensemble length of 15, and two different channel noise levels (0 and −20 dB) are shown in Fig. 17 . Side lobes are visible for the −20 dB noise case near ±3-mm lateral locations. These side lobes reduce SNR of the CFPD images. However, the magnitude of the side lobes is 60 dB below the flow signal. These side lobes are lower than the typical display range of Doppler images. In addition, the side lobes appear only when the channel noise is relatively low (−20 dB relative to blood signal) and the flow velocity is high, because with higher noise, the off-axis signal is overwhelmed by the thermal noise. At these high velocities and low noise levels, however, there is less need for CFPD, because the vessels are often detectable by normal methods.
A second improvement that may have greater value for clinical applications is the higher frame rate afforded by CFPD. Due to the improvement in SNR, CFPD can use an ensemble length of 3 to 7 to produce the same quality of Doppler image as PD with an ensemble length of 15. The significance of this result is that, assuming negligible computational time, CFPD can perform Doppler imaging at a frame rate 3 times higher PD with less degrading effects from noise.
CFPD utilizes an identical acquisition sequence as PD and produces Doppler images with comparable scale. Therefore, CFPD is portable to clinical scanners. In addition, CFPD is not dependent on a specific acquisition sequence and thus is not limited to the sequences demonstrated in this work. As with SLSC imaging, which has been shown to perform well in harmonic imaging [25] and synthetic aperture imaging [26] , CFPD can utilize the RF channel data from other types of PD imaging methods to produce CFPD images. For example, it can take advantage of the latest developments in Doppler sequence design [14] , [18] to further increase frame rate. It is demonstrated that CFPD can be utilized in conjunction with the planewave transmit coherent angular compounding technique. Plane-wave transmit coherent angular compounding has previously been demonstrated with ultrafast Doppler imaging [14] , [37] . The combination of this synthetic transmit aperture technique and Doppler imaging suffers from poor SNR because of the low number of transmits contributing to the synthetic transmit. Fig. 16 demonstrates improved flow detection deep in the human body (6.7 cm) with this synthetic aperture technique combined with CFPD, and shows that CFPD is a method that can be utilized in conjunction with and improve upon other novel imaging sequences. The flexibility of CFPD may allow wider use of it in both the clinical and research settings.
VI. Conclusion
We have presented a method of flow detection using the spatial coherence of backscattered ultrasound echoes, called coherent flow power Doppler (CFPD). This method utilizes the same acquisition sequence as conventional power Doppler, and produces images with 15 to 25 dB higher SNR. CFPD enables slow flow detection approximately 50% lower than the limit of conventional power Doppler, using the same sequence and filter parameters. Alternatively, it can perform Doppler imaging with a frame rate 3 times higher than conventional power Doppler imaging with comparable image quality. The CFPD method shows promise for clinical applications.
